Nutrient leaching from agricultural production is still recognised as a major environmental problem in Finland. To estimate agricultural nitrogen loading under changing land-use and climate conditions, the Integrated Nitrogen Model for Catchments (INCA) was applied in Savijoki, a small (15.4 km 2 ) agricultural catchment, which represents the intensively cultivated areas in south-western Finland. Hydrological calibration and testing of the INCA model was first carried out in Savijoki during 19812000. In spite of heterogeneous soil and land-use conditions, INCA was able to reproduce the overall hydrological regime in the stream. The model was calibrated further in respect of nitrogen processes during 19952000. The model was able, reasonably well, to simulate the overall annual dynamics of the inorganic N concentrations in the stream water and the annual N export from the catchment. The average simulated NO 3 -N export was 550 kg N km 2 yr 1 and the observed one (constituting more than half of the annual total N export) was 592 kg N km 2 yr 1 . For NH 4 -N, the simulated export was somewhat higher than that measured but NH 4 -N was only 4% of the total N export. In spite of some underestimation of flow and N concentration during extreme hydrological conditions, the INCA model proved to be a useful tool for analysing flow pattern and inorganic nitrogen leaching in a small agricultural catchment, characterised by a rapid response to rainfall.
Introduction
Agricultural production is the major source of diffuse nutrient load to watercourses in Finland. Total nutrient load from catchments depends strongly on the proportion of agricultural land (Rekolainen, 1989a) . To date, studies in Finnish agricultural catchments and river basins have indicated no reduction of nutrient loads, even though massive efforts have been made towards environmentally sound management practices, especially by introducing the Finnish Agri-Environmental Programme in 1995 (FAEP, Valpasvuo-Jaatinen et al., 1997) . Increasing trends in nitrogen N concentrations have been detected in southern and western Finland, especially in some rivers flowing through intensively cultivated agricultural areas (Räike et al., 2003; Granlund and Räike, 2004) . According to Kauppila and Bäck (2001) , the extent of eutrophied areas increased in the Gulf of Finland, the Archipelago Sea and the Bothnian Bay in the late 1980s, and the situation has not essentially changed during the 1990s. Today, water protection policy aims at a significant reduction of nutrient loads, due to increased concern about water quality in inland waters and the Baltic Sea (Ministry of the Environment, 1998) .
In Nordic and Baltic conditions, leaching of N and annual riverine N load is strongly dependent on hydrological conditions, such as variation of annual and seasonal runoff (Hogland, 1994; Arheimer et al., 1996; Eltun and Fugleberg, 1996; Vagstad et al., 1997; Mander et al., 1998; Ulen, 1998; Vuorenmaa et al., 2002) . Transformation of organic matter and N mineralisation in catchment soils varies considerably in response to temperature and moisture (e.g. Vagstad et al., 1997; Andersson and Lepistö, 1998) . In Finland, the Integrated Nitrogen Model for Catchments (INCA) (Whitehead et al., 1998; Wade et al., 2002; Wade, 2004) has been applied successfully in a large forested river basin in the north: the Simojoki river system (Rankinen et al., 2002a; Rankinen et al., 2002b; Lepistö et al., 2004; Rankinen et al., 2004b) . The emphasis was on evaluating N losses related to forestry and changing atmospheric N deposition. To develop methods for estimating agricultural N loading on catchment scale under changing hydrometeorological and land-use conditions, the INCA model is being tested in Savijoki, a small (15.4 km 2 ) agricultural catchment, which represents the intensively cultivated areas in south-western Finland. In Savijoki, agriculture is the main source of diffuse nutrient loading (Rekolainen, 1989a) , even though about 60 percent of the catchment is covered by coniferous forests. The effect of different land uses on the catchment water balance and river discharge can be modelled only by integrating key processes related to water flow in catchment soils. A sound calibration of hydrological response is extremely important for analysing N dynamics in agricultural catchments.
In this study, the hydrological part of the INCA model was first calibrated and tested in the Savijoki catchment with long-term monitoring data on water flow. Hydrological input data were taken from the Finnish Watershed Simulation and Forecast System (WSFS) of the Finnish Environment Institute (Vehviläinen, 1994) , which is in operational use in Finland. The main emphasis was to test the applicability of lumped, spatially uniform input data, which were originally derived from WSFS results for a larger sub-catchment than the study catchment, Savijoki. Also, the capability of the INCA model to describe the hydrological response under heterogeneous landcover and hydrogeological conditions is discussed. Twenty years hydrological input data (1981 2000) were divided into two for independent calibration and testing of the model. As a first step in analysing N dynamics in the catchment, a preliminary calibration of N processes was also carried out.
Material and methods

DESCRIPTION OF THE STUDY AREA AND THE MONITORING PROGRAMME
The Savijoki catchment is located in south-western Finland in the southern boreal zone, about 30 km north-east of the city of Turku (60°36', 22°40'); it is a small, agriculturedominated sub-catchment (15.4 km 2 ) of the River Aurajoki that discharges to the Baltic Sea (Fig. 1) . Savijoki contains no lakes and belongs to the Finnish network of small representative catchments, originally established for hydrological research in 1957 (Mustonen, 1965; Seuna, 1983) . The network has been used to study the complex interactions related to nutrient leaching, especially the impact of agriculture and forestry on water flow and quality (e.g. Rekolainen, 1989a; Rekolainen, 1989b; Lepistö, 1996; Vuorenmaa et al., 2002; Granlund, 2003) . The main characteristics of the Savijoki catchment are described in Table 1 .
The annual mean values for temperature and precipitation in 19712000 were 5.2 °C and 698 mm, respectively (Table 1; Drebs et al., 2002) . The mean annual runoff for the period 19812000 was 369 mm. The highest precipitation occurs during the late summer and autumn. During the winter months (DecemberMarch) precipitation usually falls as snow. In southern Finland more than half of the total annual discharge originates during the snow and frost melting period in spring (Seuna, 1982) . In this part of the country, the length of the growth period is about 170 days. The annual dates for the start and end of the growth period, with average temperature over 5°C, were provided by the Finnish Meteorological Institute. Agriculture is the main source of diffuse nutrient losses in the Savijoki catchment (Rekolainen, 1989a) . No database with a continuous survey of forest management is available, but the water quality impacts of forestry are assumed to be low in this area. The specific N load from forestry is typically only 1020% of that of agriculture in southern Finland (Kortelainen et al., 1997; Vuorenmaa et al., 2002) . Detailed information on agricultural practices was collected by farmer interviews in 1987, 2001 and 2002, covering the years 1987 and 19992002 . Livestock density and the area of grassland is relatively low and spring cereals are the most common crops, which is typical of this part of the country. The mean total N (Tot-N) export from the catchment was 820 kg N km 2 yr 1 during 19812000 (Granlund, 2003) . Annual N export was strongly dependent on weather-driven variation in runoff. So far, no reduction of loads has been achieved, even though most of the farmers are participating in the FAEP (Vuorenmaa et al., 2002; Granlund, 2003; Granlund and Räike, 2004) .
In Finland, the landscape has been influenced strongly by the glacial period. More than half of the Savijoki catchment is covered by coniferous forests growing on shallow glacial moraine layers (usually less than one metre deep) (Table 1) . During the melting of the continental ice cap most of the area was covered either by freshwater or saltwater and, thus, the cultivated stream valleys of Savijoki consist of thick clay layers of different ages. Sub-drainage is needed on fields to provide good conditions for management practices, especially after snowmelt in spring. Due to geological conditions, the groundwater resources are very restricted in the area, usually sufficient for single households only (Haavisto-Hyvärinen et al., 1983) .
In Savijoki catchment, the discharge and water quality measurements started in 1971. Due to changes in sampling strategy, only data since 1981 were used in this study. Detailed long-term climatic data were available from Turku airport, less than 30 km south-west of the Savijoki catchment. Precipitation, snow water equivalent and soil frost are also measured in the catchment. The discharge at the catchment outlet has been measured continuously by a V-notch overflow weir and a water stage recorder described in detail by Mustonen (1965) ; here daily discharge values were used.
The streamwater quality monitoring strategy is based on a combination of manual and automatic flow-weighted sampling. Most of the samples are usually taken in spring and autumn high flow periods (Vuorenmaa et al., 2002) with, on average, 20 samples per year. The NO 3 -N was analysed by reduction of nitrate to nitrite followed by colorimetric determination. The NH 4 -N was analysed colorimetrically with hypochlorite and phenol. The Tot-N was analysed as NO 3 -N after oxidation of the sample with K 2 S 2 O 8 . No measurements of soil or groundwater quality were available from the catchment.
INCA model and input data description
MODEL DESCRIPTION
The Integrated Nitrogen Model for Catchments (INCA) (Whitehead et al., 1998; Wade et al., 2002 ) is a processbased and semi-distributed model that integrates hydrology, catchment and river N processes to simulate daily concentrations of NO 3 -N and NH 4 -N in the river system. In this study, the model version 1.9 was used, with a simple degree-day model to calculate snow pack depth and an empirical function to calculate soil temperature from ambient air temperature (Rankinen et al., 2004a) .
In the INCA model, hydrologically effective rainfall (HER) is the input to the soil water storage, driving water flow and N fluxes through the catchment system (Whitehead et al., 1998) . Catchment hydrology is modelled with a simple two-box approach, including reservoirs of water in the reactive soil zone and deeper groundwater zone. Flows from the soil and groundwater zones are controlled by time constants T 1 and T 2 , respectively, representing residence time in the reservoirs. Base flow index (BFI) is used to calculate the proportion of water being transferred to the groundwater zone. Calculation of river flow is based on mass balance of flow and a multi-reach description of the river system. Flow variation within each reach is determined by a non-linear reservoir model. Mean flow velocity is related to discharge and controlled by two constants, a and b (Whitehead et al., 1998) .
MODEL INPUT DATA
Long-term, daily input data on HER for the period 1981 2000 were used to calibrate and test INCA at the Savijoki catchment. The input data were divided into two 10-year periods for independent hydrological calibration and testing. Years 19811990 were used for testing and 19912000 for calibration because more background information on agricultural practices was available.
The daily HER was derived from the operative Watershed Simulation and Forecast System WSFS (Vehviläinen, 1994) , that has been calibrated originally to the Aurajoki river basin (874 km 2 ) and its nine sub-basins (30147 km 2 ). The Savijoki catchment (15.4 km 2 ) is in one of these subcatchments and represents typical headwater conditions in the area. The WSFS utilises information on precipitation, snow water equivalent and temperature to simulate soil moisture, changes in subsurface and groundwater storage and runoff on homogeneous sub-basins. Because the WSFS was originally calibrated on sub-basins larger than the Savijoki catchment, only lumped (and spatially uniform) HER input could be used to calibrate the hydrological part of INCA at the Savijoki catchment. No sub-catchment delineation was introduced in this model application because discharge and water quality are measured at the catchment outlet only.
Information on agricultural land-use was based on farmer interviews carried out in 1987, 2001 and 2002 . The extent of the forested area was estimated from earlier studies (Pajala, 1989; Rekolainen, 1989a; Vuorenmaa et al., 2002) and the recent satellite image-based land-use and forest classification data (Vuorela, 1997) . Six land-use classes were defined for the Savijoki catchment, five of them representing the main crop types cultivated in the agricultural fields (barley and oats (17%), wheat (12%), oilseed (2%), grass (5%), green fallow (set-aside) and others (3%)) and one representing the managed forested area and the scattered settlement (61%). In INCA, the same hydrological input data are used for all land-use classes. The time constants (i.e. residence times in soil and groundwater zones) could be given individually for each of the land-use classes. In the present model application, it was assumed that the agricultural land types are homogeneous with respect to time constants, but separation between agricultural and forest land was taken into account.
For N calibration, information on crop N uptake rates and growth periods was taken from the literature. All crops were simulated using the growth rate in the INCA model as defined in Wade et al. (2002) . For the agricultural area, the crop-specific N fertilisation rates set by the FAEP were used as input. Due to lack of long-term data on actual management practices and dates, fertilisation was assumed to take place simultaneously with sowing on one day in May. Observed data on atmospheric N deposition were available from a station located approximately 50 km north-east of the Savijoki catchment. During 19952000, the Tot-N deposition ranged from 510 to 730 kg N km 2 yr 1 . In Finland, N deposition is highest in the southern part of the country, where the load of transboundary air pollution and the deposition of the Finnish emissions is highest (Syri, 2001; Vuorenmaa et al., 2002) .
HYDROLOGICAL AND N PROCESS PARAMETRISATION
The base flow index was calculated from the hydrograph using the smoothed minima method (Gustard et al., 1989) . The same method was used by Rankinen et al. (2002a) when calibrating the INCA model to the Simojoki river basin.
To simulate daily discharge in the catchment, the INCA model was calibrated for the period 19912000 against measured daily hydrograph data by adjusting the time constants for soil and ground water flow, and the flow velocity parameters, until the simulated discharge matched that observed reasonably closely. The initial values and calibrated parameter values for hydrological calibration are presented in Table 2 . In addition to plotting the modelled versus observed daily discharge values, model performance was assessed by calculating the Nash and Sutcliffe (1970) coefficient for model efficiency (R 2 ). After hydrological calibration and testing, the INCA model was calibrated for N processes. The latter part of the 1990s (19952000) was chosen for N calibration period, due to the fact that information about agricultural practices The N process parameters (Table 3) were adjusted until the annual process loads were in the range reported in the literature. Net mineralisation was calibrated after setting the N immobilisation rate to zero because information on estimated N immobilisation rates is unavailable.
Results
ANNUAL HYDROLOGICAL PATTERN
The observed precipitation, HER, and the mean annual temperature showed considerable variation during the study period 19812000 (Fig. 2) . The precipitation varied between 547 and 914 mm, HER between 238 and 562 mm and the mean annual temperature between 1.6 and 6.3 °C.
Climatological and hydrological conditions were somewhat different during the 1990s and the 1980s (Table  4 ). The calibration period (19912000) was warmer (mean annual temperature 4.7 °C and 4.1 °C, respectively) and drier than the testing period (19811990). The observed mean annual precipitation during 19811990 was 745 mm and during 19912000 637 mm. The observed mean annual values for runoff were 389 mm and 351, respectively. The observed annual precipitation showed more variability during the testing period (Fig. 2) . As a result of these climatic differences, the monthly runoff patterns differed during the periods. (Fig. 3) . During the calibration period, the spring high flow peak started earlier and was lower than during the testing period. Late summer and autumn runoff (from August to November) was higher during the testing period (Fig. 3) .
ANNUAL NITROGEN EXPORT
The observed annual exports of Tot-N, NO 3 -N and NH 4 -N varied considerably during 19812000. The mean Tot-N export was 820 kg N km 2 yr 1 . More than half of the annual Tot-N export was in the form of NO 3 -N, while the relative contribution of NH 4 -N was low (on the average 13% of the annual Tot-N load). This is common in Finnish agricultural mineral soils (Jaakkola, 1984; Lemola et al., 2000) . However, the surface application of slurry can occasionally cause leaching of NH 4 -N in surface runoff (Turtola and Kemppainen, 1998) . In Savijoki, the NH 4 -N export remained lower than 50 kg N km 2 yr 1 during 19952000. This may be due to changes in agricultural practices required by the FAEP (for example, restrictions related to manure application). The NO 3 -N export was strongly correlated to annual runoff, reflecting the high mobility of this anion. Further, the highest annual Tot-N export was measured in 1984, along with the highest annual runoff (Granlund, 2003) .
COMPARING OBSERVED AND SIMULATED HYDROLOGY
The observed hydrological response of the Savijoki catchment is rapid, due to low groundwater storage in the forested areas and intensive artificial drainage on agricultural fields. As a result, the base flow index was low (0.2) and the calibrated values for time constants were low for both soil water and groundwater flows. During low flow periods in summer time (JuneAugust), the river discharge is often very low, approximately zero. The R 2 was 0.70 when relating simulated to the observed daily discharge for the calibration period of 19902000. Figure 4(a) shows the good agreement between simulated and observed annual runoff values.
The timing of the flow peaks was simulated well for the whole calibration period. The magnitude of the peaks was also reasonable in spring and autumn high flow periods, although slight underestimation of spring peaks was more common than overestimation. The model seemed to underestimate flow peaks during very intensive summer storms. This was the case in 1995 (Fig. 5a ). The underestimation was probably due to inability of INCA to represent the activation of all hydrological source areas and the complex interaction between the source areas and the flow-paths. Moreover, the spatial variability of precipitation is typically high during summer storms in Finland. WSFS utilises measurements from several meteorological stations to calculate HER. In Savijoki, this resulted in an underestimation of precipitation amounts (and thus HER) during summer storms. In 1995, the precipitation value provided by WSFS was 108 mm for the period 15 May to 30 June, while the value measured at the local station was 183 mm. The model behaved adequately during normal years, dominated by spring and autumn high flows. An example of model fit under such conditions is given in Fig  5(b) for the year 1996.
After calibration, the model was tested with hydrometeorological input data from the period 19811990. The R 2 was 0.65 for simulated versus observed daily discharge during the testing period. It was slightly lower than that of the calibration period, probably reflecting more extreme climatic conditions during the testing period. Both the maximum and minimum annual runoff for the whole study period occurred during the testing period (years 1984 and 1985, respectively) . Figure 4(b) shows the simulated and observed annual runoff values. As can be seen, the correspondence between observed and simulated annual values was mostly good. The model clearly underestimated runoff in years 1984, 1987 and 1988 . The highest runoff for the whole study period (618 mm) occurred in 1984, corresponding to the highest precipitation (874 mm, local station) and snow water equivalent (119 mm). It is possible that the HER input was not fully representative during these extreme hydrological conditions. In 1987 and 1988 the underestimation was, again, due to problems of modelling the spatial variability of rainfall during summer storms.
COMPARING OBSERVED AND SIMULATED N DYNAMICS
The model simulated, adequately, the overall annual dynamics of inorganic N concentration in the stream during 19952000 (Fig. 6) . However, the comparison between simulated versus observed inorganic N concentrations was to some extent impeded by the selective sampling strategy: concentration data were rather scarce during low flow periods and even in mild and wet winters in the late 1990s.
The simulated values of N process fluxes for cereals, grass and forest (constituting 95% of the catchment area), presented in Table 5 , were comparable to those published in the literature for Finnish and Nordic conditions. Simulated inorganic N leaching from grass was somewhat higher than reported literature values (13 compared to the observed values of 03 kg N ha 1 yr 1 ). This was probably due to the simple fertilisation strategy in the present calibration.
The simulation of annual export from the catchment was fairly good for NO 3 -N (Fig. 7) . The average simulated NO 3 -N flux for six years was 550 kg N km 2 yr 1 and the measured one was 592 kg N km 2 yr 1 . For NH 4 -N, the simulated flux was higher than the measured one, Kortelainen et al. (1997) ; Lepistö (1996) a Based on statistical information of yields b Average of mineral soil catchments particularly in 2000 (Fig. 7) . However, the total amount of NH 4 -N export is only about 4% of the total N export. The hydrological conditions were highly variable during the N calibration period. Due to mild winters, winter runoff was considerable at the end of the 1990s. The highest NO 3 -N concentrations during the N calibration period were measured during OctoberNovember in 1999 and 2000 (Fig  6) . These peak concentrations were typically underestimated in the NO 3 -N simulation. A good hydrological simulation in 1996 resulted in good results also for N dynamics (Fig.  6) .
Discussion
The INCA model was calibrated and tested on the Savijoki catchment using two independent hydrological input datasets (period 19912000 and 19812000, respectively) . The dominant hydrological pathways in the Savijoki catchment are shallow in moraine soils of the forested area and follow sub-drainage pipes in the agricultural area. Thus, groundwater storage is rather small (Haavisto-Hyvärinen et al., 1983) . There are no lakes in the catchment, and the upper stream channels of the river Savijoki are rather short (less than 6 km). Consequently, the flow at the catchment outlet rises quickly after an intensive precipitation event (Pajala, 1989) . The complex hydrogeochemical interactions (such as timing and distribution of melting) during the snow melt period have a pronounced effect on discharge and nutrient concentrations in the catchment (Pajala, 1989; Rekolainen, 1989b) .
The agricultural fields lie along the river channels. Due to effective sub-surface drainage, the contribution of the agricultural area to runoff and N export is expected to be pronounced in these conditions. According to Turtola and Paajanen (1995) , improved sub-drainage increased N leaching in a heavy clay soil. In a study by Seuna and Kauppi (1981) , changing from open ditches to sub-surface drainage increased annual N loads. INCA was able to take into account the prevailing hydrogeological conditions in the Savijoki catchment and reproduced, adequately, the annual hydrological regime in the stream during calibration and testing periods of ten years each. The simple two-box approach described the dynamics of the soil and groundwater storages sufficiently and resulted in a realistic simulation of discharge at the catchment outlet.
According to Drebs et al. (2002) , the winters since 1989 1990 have been milder than usual. In Savijoki, the hydrological calibration period was warmer and also drier than the testing period. Hence, the difference in climatic conditions provided a good test for the hydrological part of the INCA model. The timing of the spring and autumn flow peaks was simulated well. A correct simulation of these peaks is crucial, because most of the nutrients are transported during spring and autumn high flows.
The model slightly underestimated flow during extreme hydrological conditions, especially during local summer storms, probably due to an underestimation of HER under such conditions. N leaching is normally low during the growth period, due to vegetative uptake. However, if an intensive precipitation event occurs during late springearly summer, there is a risk of substantial leaching of fertiliser N. Thus, a more detailed spatial resolution for HER is needed, if the response of flow and N leaching to local storms is to be modelled properly at this scale.
After the hydrological calibration, the INCA model was calibrated in respect of N processes. Only the latter part of the 1990s was chosen for N calibration due to restricted availability of data on management practices. Simulated agricultural N leaching represents typical agricultural practices related to FAEP. Potential application of fertilisers in autumn were not taken into account here. However, autumn application is most probably low in the area, due to the low proportion of winter cereals. Inorganic N concentrations were reasonably well simulated by INCA, except under extreme hydrological conditions. The mild winters at the end of the 1990s may have provided favourable conditions for enhanced N mineralisation in soil, resulting in peak concentrations in stream water. Moreover, INCA is not able to fully take into account annual variations in yields, which were low in 1998 and 1999. Unused inorganic fertiliser N, which is susceptible to leaching may have remained in soil after harvest. The average annual inorganic N export was simulated adequately. Discrepancies in the simulated versus observed exports could be explained by deviations in the observed versus simulated water flow. This result highlights the importance of simulating the hydrology correctly in order to characterise the transport and retention of nitrogen within the system, and the capacity for dilution.
INCA was able to integrate the available data on landuse, hydrology and management practices to provide adequate representation of the hydrological regime and N dynamics. The calibrated model was used to analyse N dynamics for key land-use types. However, if effects of extreme hydrological conditions or major land-use changes (e.g. such as reforestation or forest cut) are to be modelled, a distributed representation for HER is needed. For a more detailed calibration of N uptake, the simple fertilisation strategy (application during one day) for agricultural crops used in this study must be improved by introducing a realistic fertiliser dissolution time-series. Detailed interview information about recent agricultural management practices on field parcels will be used to develop a better representation about present agricultural actitivities in the next phase of the study. The model equations for crop growth should be developed to allow crop-specific simulation of both growth and N uptake.
The slow response of diffuse loading in Nordic-Baltic river basins to changed land-use and agricultural practices has been clearly demonstrated, for example by Löfgren et al. (1999) , Vagstad et al. (2001) and Räike et al. (2003) . A study by Vagstad et al. (1997) on Norwegian agricultural catchments indicated that a major part of the leached N originated from the mineralisation of organic matter rather than that from applied fertilizers. Processes related to N mineralisation may take decades (Grimwall et al., 2000) . Thus, a more detailed long-term model analysis concerning the effects of hydrometeorological variations on N mineralisation and N dynamics is needed, preferably with measured N process data. The application of INCA model to the Savijoki catchment data is planned to simulate the 2025 year time-series of N. The purpose of this future work is to study the impacts of climatic and agricultural changes on N leaching. Future scenarios for agriculture, such as those presented by Rankinen et al. (2004c) , will concentrate on crop rotation and different management practices instead of expanding agricultural land: suitable land area for agricultural crop production is already under cultivation. The impact of fertilisation rates on N leaching will also be studied to assess the possibility of achieving the 50% reduction in agricultural nitrogen load required by the national water protection policy.
Conclusions
Hydrometeorological conditions are known to have a pronounced impact on nitrogen leaching on both agricultural and forested catchments. Therefore, the hydrological behaviour of a catchment must be described properly before modelling nitrogen processes. Hydrological patterns could be calibrated and tested successfully by INCA in a small agricultural catchment with heterogeneous hydrogeological conditions. Lumped input data for the hydrologically effective rainfall was adequate for modelling the overall long-term variability of annual runoff. The timing of the flow peaks was good. In extreme hydrological conditions, such as during very wet years, the model somewhat underestimated the volume of the flow peaks. This discrepancy was most probably due to an underestimation of the hydrologically effective rainfall. Further, the INCA model could be adequately calibrated with respect to annual N export, but the single high peak concentrations were underestimated in the simulations, mostly due to inadequate hydrological calibration. The INCA model proved to be a useful tool for analysing flow pattern and inorganic nitrogen leaching in a hydrologically quickly responding, small scale agricultural catchment.
